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We report successful manipulation of non-classical atomic spin states. We generate squeezed spin
states by a spin quantum nondemolition measurement, and apply an off-resonant circularly-polarized
light pulse to the atoms. By changing the pulse duration, we have clearly observed a rotation of
anisotropic quantum noise distribution in good contrast with the case of manipulation of a coherent
spin state where the quantum noise distribution is always isotropic. This is an important step for
quantum state tomography, quantum swapping, and precision spectroscopic measurement.
PACS numbers: 42.50.Ct, 03.67.-a, 32.80.Qk
A quantum noise is a central subject in quantum
physics. While a quantum noise of a light field has been
well studied in quantum optics [1], there has been a grow-
ing interest in a quantum noise of an atomic spin ensem-
ble [2], because the squeezed quantum noise can improve
the measurement precision of an atomic spectroscopy
such as an atomic clock [3, 4, 5] and is also recognized as
an important resource for the continuous variable quan-
tum information processing [6, 7, 8, 9, 10]. Since the the-
oretical proposals for generating the so-called squeezed
spin state [2] based on a spin quantum nondemolition
measurement (spin-QNDM) using the Faraday rotation
(FR) interaction [11, 12], experimental challenge to re-
duce quantum spin noise has been actively studied in
the past decade [13, 14]. Quite recently the important
progresses have been reported on the realization of the
squeezed spin state via a spin-QNDM for the nuclear
spin one-half of cold ytterbium (171Yb) atoms [15] and
the hyperfine-clock transitions of cold alkali-metal atoms
[16, 17]. See Fig. 1. While the rotation of a classi-
cal spin state, the so-called coherent spin state, in the
Bloch sphere is a basic operation widely used in many
applications [18], no results on the manipulation of a
non-classical spin state have been reported until now.
Therefore, the next crucial step especially for quantum
information processing [19, 20] and precision measure-
ment is to manipulate the squeezed spin state. So far,
a quantum memory was realized by applying a magnetic
feedback to coherent spin states [18], and a deterministic
spin squeezing by a quantum feedback was proposed [21].
Since the important feature characterizing the squeezed
spin state is the anisotropy of the quantum spin noise and
not the average spin value, essentially important is the
manipulation of the anisotropic quantum spin noise dis-
tribution of the squeezed spin state without decoherence
[22]. This is in good contrast with the manipulation of a
coherent spin state where the quantum noise distribution
is always isotropic [18]. See Fig. 1 (c) C-F.
In this Letter, we report a successful demonstration
of a rotational manipulation of the squeezed spin state
of the nuclear spin one-half of cold 171Yb atoms via
FIG. 1: (color online) (a) Experimental setup. (b) Experi-
mental time sequence. Two successive linearly-probe pulses
pass through the x-polarized 171Yb atoms and the polariza-
tions are measured. The spin is rotated about the x-axis by a
fictitious magnetic field applied on the atoms in the slot of the
two-pulse train. (c) A schematic view of the behaviors of the
spin distributions. A: coherent spin state, B: squeezed spin
state, and C-F: rotated squeezed spin states. Note that the
squeezed spin state is prepared by conditioning on the first
measurement outcome, and the position in the Jz direction
on B varies depending on the outcome.
a fictitious magnetic field produced by an off-resonant
circularly-polarized light [23]. A schematic view of the
manipulated spin state is shown in Fig. 1. By chang-
ing the pulse duration of the fictitious magnetic field,
we have clearly observed a rotation of anisotropic quan-
tum noise distribution of the squeezed spin states up to
the angle of π by measuring the quantum correlations
between the two-successively applied light polarizations,
the first light pulse for the spin-QNDM and the second
for the verification applied after the rotation. In partic-
ular, the squeezed spin state associated with the popula-
tion difference for the z−spin component (Fig. 1(c) B)
can be successfully converted into a phase-squeezed spin
state (Fig. 1(c) D) . It is also confirmed that the initial
squeezing level is retrieved after a π rotation owing to
the quick rotation with the angular velocity of typically
20.4 rad/µs and a long coherence time of the nuclear spin
[15].
Let us define the collective spin operator of the atoms
~J = (Jx, Jy, Jz) =
∑NA
i=1
~ji, where ~ji is a spin operator
of a single atom and NA is the number of the atoms [2].
The Stokes operator of a pulsed light ~S = (Sx, Sy, Sz)
is defined by Sx = 1/2
∫ t
0
(a†+a− + a
†
−a+)dT , Sy =
1/(2i)
∫ t
0 (a
†
+a− − a†−a+)dT , and Sz = 1/2
∫ t
0 (a
†
+a+ −
a†−a−)dT , where t is the pulse duration, and a± is the
annihilation operator of σ± circular polarization mode,
respectively [24]. The Hamiltonian of the FR interaction
is given by Hint = αSzJz, where α is a real constant and
z means the propagation direction of the light [11, 12].
To simplify expressions, let us introduce the normalized
operator ~˜J ≡ ~J/
√
J and ~˜S ≡ ~S/
√
S, where J = NA/2
and S = NL/2 and NL is the mean photon number of the
pulse. In the case of spin-QNDM, the initial states of the
light and atoms are prepared in the x-polarized coherent
states, namely, J˜x ≃
√
J, 〈J˜y〉 = 〈J˜z〉 = 0, S˜x ≃
√
S,
and 〈S˜y〉 = 〈S˜z〉 = 0. The variances of these operators
are V (J˜y) = V (J˜z) = V (S˜y) = V (S˜z) = 1/2, where
V (X) ≡ 〈X2〉 − 〈X〉2 denotes the variance of an opera-
tor X . The FR interaction transforms the operators as
S˜y → S˜y + κJ˜z, S˜z → S˜z, J˜y → J˜y + κS˜z, and J˜z → J˜z,
where the interaction strength κ is given by κ ≡ αt√JS.
Note that this interaction satisfies a back-action evading
condition [Hint, J˜z] = 0, and makes a quantum correla-
tion between J˜z and S˜y. Thereby, the measurement of S˜y
will essentially project the spin state into an eigenstate
of J˜z and the variance of J˜z is squeezed [11, 12, 15].
The fictitious magnetic field effect [23] is easily under-
stood from the FR interaction given by Hint = α
′SxJx,
where α′ is again a real constant and now the the light for
the fictitious magnetic field propagates in the x-direction.
The application of a strong circularly-polarized light
along the x-axis (Sx ≃ S ≡ NL/2) results in the rota-
tion of the spin ensemble about the x-axis, such that,
Jy(t) = Jy(0) cos(αtS) − Jz(0) sin(αtS) and Jz(t) =
Jz(0) cos(αtS) + Jy(0) sin(αtS).
In our experiment, a linearly-polarized probe pulse
which is represented by (S˜
(i)
1,y, S˜
(i)
1,z) interacts with an spin
ensemble (J˜
(i)
y , J˜
(i)
z ), at first. See Fig. 1 (b) for the time
sequence. This interaction transforms the operators as
S˜
(1)
1,y = S˜
(i)
1,y + κJ˜
(i)
z , S˜
(1)
1,z = S˜
(i)
1,z, J˜
(1)
y = J˜
(i)
y + κS˜
(i)
1,z, and
J˜
(1)
z = J˜
(i)
z . Secondly, the spin ensemble is rotated by φ
about the x axis by a fictitious magnetic field generated
by a circularly-polarized light pulse which propagates in
the x direction, so that, J˜
(2)
z = J˜
(1)
z cosφ + J˜
(1)
y sinφ.
Then, another linearly-polarized pulse represented by
(S˜
(i)
2,y, S˜
(i)
2,z) goes through the spin ensemble, yielding
S˜
(3)
2,y = S˜
(i)
2,y + κJ˜
(2)
z and S˜
(3)
2,z = S˜
(i)
2,z. Finally, we measure
S˜
(1)
1,y and S˜
(3)
2,y as well as the quantum correlation between
them. If all of the initial states are coherent states and
the loss is negligible, we have
V1 ≡ V (S˜(1)1,y) = (1 + κ2)/2 (1)
V2 ≡ V (S˜(3)2,y) = (1 + κ2 + κ4 sin2 φ)/2 (2)
V± ≡ V (
S˜
(1)
1,y ± S˜(3)2,y√
2
) =
2 + κ2(2± 2 cosφ) + κ4 sin2 φ
4
.
(3)
Note that the case of φ = 0 corresponds to the previous
spin-QNDM [15]. Equation (3) implies that the correla-
tion can be controlled by the spin rotation. For example,
if we change the rotation angle φ like 0 → π/2 → π, V+
becomes (1+ 2κ2)/2→ (2+ 2κ2+κ4)/4→ 1/2, whereas
V− becomes 1/2→ (2 + 2κ2 + κ4)/4 → (1 + 2κ2)/2. To
experimentally demonstrate these behaviors by changing
the rotation angle φ is, therefore, one of the main results
of this work, which is later shown in Fig. 2.
The experiment is done with cold 171Yb atoms released
from a magneto-optical trap (MOT) [15]. See Fig. 1(a)
and (b) for the schematic setup and sequence of the ex-
periment. At first, typically 106 atoms are loaded in the
MOT in 1 s and are released in the next 250 µs. Sec-
ondly, the atoms are polarized in the x direction by the
circularly-polarized resonant pumping pulse whose width
is 9 µs. Then, two linearly-polarized probe pulses fo-
cused on the atomic region pass through the atoms in
the z direction and go into the polarization detector. Af-
ter the detection of the second pulse, the atoms are re-
captured by the MOT. The pulses have the same width
of 100 ns and the interval between them is 10 µs. The
FR angle αtJ/2 is about 200 mrad which corresponds
to J ≃ 5.0 × 105. The wavelength of the probe beam is
about 399 nm and the frequency is locked at the center of
the two hyperfine splitting of the 1S0 ↔ 1P1 transitions
of 171Yb. κ is calculated as
κ =
Γσ0
√
SJ
3πw20
( δ
δ2 + (Γ/2)2
− δ + δ0
(δ + δ0)2 + (Γ/2)2
)
, (4)
where Γ = 2π×29 MHz is the natural full linewidth, σ0 =
7.6 × 10−14 m2 is the photon-absorption cross section
of 171Yb atom, w0 = 61 µm is the beam waist, δ =
−2π×160MHz is the detuning from the 1S0 ↔ 1P1 (F ′ =
1/2) states, and δ0 = 2π × 320 MHz is the frequency
difference between the F ′ = 1/2 and F ′ = 3/2 states in
the 1P1 state [25]. In our experimental conditions, κ is
estimated to be 0.63 with NL = 2.6×106, and the atomic
loss parameter ǫA ≡ rt/2 is 6.7 × 10−2, where r is the
absorption rate [24].
Between the two interactions due to the probe pulses,
the fictitious magnetic field is applied by the circularly-
polarized light pulse propagating in the x direction. The
amount of the rotation angle φ is adjusted by the width of
this fictitious magnetic field pulse. This light pulse is gen-
erated from a frequency-doubled fiber-laser [26] and the
wavelength is adjusted nearly-resonant to the 1S0 ↔ 3P1
3(F ′ = 1/2) transition, at the wavelength of 556 nm. This
transition has the natural linewidth ΓFM = 2π × 182
kHz and the hyperfine splitting δ0(FM) ≃ 2π × 5.9 GHz,
and so the condition ΓFM ≪ δFM ≪ δ0(FM) is sat-
isfied in a relatively wide range of the detuning δFM .
In this condition, we can obtain a large rotational an-
gle with a relatively small loss. In our experiment, we
chose δFM ≃ 2π×20 MHz which results in large rotation
of up to 3π and the speed of the rotation of about 0.4
rad/µs for about 30 mW input power. The beam cross
section of about 6 cm × 2 cm is much wider than the
atomic distribution and the probe beam waist to avoid
the decoherence due to the inhomogeneity. As a result,
we have successfully observed about 95% reversal of the
FR signal with a 9-µs fictitious magnetic field pulse.
For various rotation angles φ, we have measured about
1300 pairs of the Stokes operators (S˜
(1)
1,y , S
(3)
2,y). For a sin-
gle loading of atoms in the MOT, we measure 10 pairs
of (S˜
(1)
1,y , S
(3)
2,y) by repeating the release-measurement-
recapture cycle 10 times. Note that we have compen-
sated a zero bias of the measurement data depending on
the orders among the 10 cycles and loading sequences.
Figure 2 (a) and (b) show the values of V± and V2,
respectively, as a function of the rotation angle, while
Fig. 2 (c) shows the joint distributions of S˜
(1)
1,y and S˜
(3)
2,y
for typical rotation angles. The points with the maxi-
mal rotation of 3.3 rad is obtained with a 8-µs fictitious
magnetic field pulse. As expected from Eq. (3), we have
successfully observed an interchange of V+ and V− at ro-
tation angle larger than π/2. One can also see that the
variance V2 shown in Fig. 2 (b) increases around φ = π/2,
as expected from Eq. (2). This increase results from the
back action of the first probe light. Here, the red dashed
curve and the blue dash-dotted curve in Fig. 2 (a) and
the green dotted curve in Fig. 2 (b) are theoretical values
of the V+ and V− given by Eq. (3) and V2 given by Eq.
(2), respectively. As one can see, the measured variances
are almost consistent with the calculated values, which
means the successful manipulation of the quantum spin
noise with no discernable decoherence effect.
Finally, we show in Fig. 3 the results of the analy-
sis of the data for a squeezed spin state. The measure-
ment of the first pulse induces the squeezing of the atomic
spins and the measured value determines the center of the
squeezed component Jz (see B of Fig. 1 (c)) [11, 12, 15].
By subtracting the shot-by-shot randomness of this cen-
ter of Jz using the correlated first measurement result,
the degree of the squeezing is estimated in the term of
the conditional variance [27] as,
Vcond ≡ min
g
V (S˜
(3)
2,y − gS˜(1)1,y cosφ)
= (1 + κ2 + κ4 sin2 φ− κ
4
1 + κ2
cos2 φ)/2, (5)
where the minimum is obtained at g = κ2/(1+κ2). Note
that Vcond − 1/2 represents the variance of the squeezed
FIG. 2: (color online)(a) Variance of the sum and difference
of the polarizations of the two probe pulses as a function
of rotation angle φ, which are represented by V+ and V−,
respectively. As expected from Eq. (3), we have success-
fully observed an interchange of V+ and V− at rotation angle
larger than pi/2. The horizontal error bar is the fitting error
bar. The vertical error bar is calculated from the statisti-
cal error of the variance measurement which is written as
∆V ≡
p
〈V 2〉 − 〈V 〉2 ≃
p
2/NmV , where Nm ≃ 1300 is the
number of the measurements. (b) Variance of the polarization
of the second verifying pulse as a function of rotation angle φ.
The variance increases around pi/2, as expected from Eq. (2).
(c) Joint distributions of S˜
(1)
1,y and S˜
(3)
2,y for typical rotation
angles.
spin component in the case of φ = 0 and π, whereas it
represents the variance of the anti-squeezed spin compo-
nent in the case of φ = π/2 and 3π/2. Figure 3 (a) shows
Vcond as a function of the rotation angle φ. Here, g = 0.24
was selected to minimize the sum of the variances all over
the measured angles, ming
∑
φ V (S˜
(3)
2,y−gS˜(1)1,y cosφ). The
squeezing level at φ = 0 is 0.7+0.8−0.6 dB, and upon the ro-
tation up to π/2, the variance increases. This growth
of the variance originates from the anti-squeezed spin
component, and not from the decoherence effect. This
is clear from the observation that the variance around
φ = π again becomes smaller than the noise level as-
sociated with the coherent spin noise, which also gives
0.7+0.8−0.6 dB spin squeezing. These behaviors correspond
4FIG. 3: Measured variance of the squeezed spin state and co-
herent spin state as a function of rotation angle φ. (a) Con-
ditional variances with g = 0.24 showing the phase-sensitive
quantum-noise behavior of squeezed spin state. The squeez-
ing of about 0.7+0.8
−0.6 dB below the shot noise level (Solid line)
with no rotation of φ = 0 is also retrieved after the nearly
φ = pi rotation. (b) Variances for the coherent spin state.
The measurements are done without the first probe pulse. As
expected from Eq. (6), the variance is isotropic. The meaning
of the error bars is the same as those in Fig. 2.
to the schematic views of the squeezed spin states shown
in Fig. 1 (c). The good agreement between the experi-
mental data represented by solid squares and theoretical
value of Vcond calculated from Eq. (5) represented by
the dash-dotted curve is one of the main results of this
work, from which we claim the success of manipulating
the squeezed spin state. For reference, we also show in
Fig. 3 (b) the variance for the coherent spin state Vcoh.
In this measurement, the first probe pulse for the spin-
QNDM is not applied. The variance of the coherent spin
state can be estimated as
Vcoh ≡ V (S˜(3)2,y) = (1 + κ2)/2. (6)
As expected, the measured variances are almost inde-
pendent of φ. Note that the quantum uncertainty of the
coherent spin state is estimated from these values.
In conclusion, we have successfully rotated the phase
of the spin ensemble of the nuclear spin one-half of
cold 171Yb atoms, and have observed the phase-sensitive
quantum noise behavior of a squeezed spin state in the
good agreement between the theory and experiment. The
rotation by the use of a light field has been executed
within a duration of 10 µs much shorter than the co-
herence time of the system without inducing discernable
effect of decoherence. This method will lead us to the
dramatical improvement of the performance of the quan-
tum feedback [21] and the realization of the multiple in-
teraction protocols, such as a quantum swapping [19] or
a quantum tomography [20] as well as the precision mea-
surements.
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